The interaction of natural lipopeptide pseudofactin II with a series of doubly charged metal cations was examined by matrix-assisted laser-desorption ionization-time of flight (MALDI-TOF) mass spectrometry and molecular modelling. The molecular modelling for metal-pseudofactin II provides information on the metal-peptide binding sites. Overall, Mg 2+ , Ca 2+ and Zn 2+ favor the association with oxygen atoms spanning the peptide backbone, whereas Cu 2+ is coordinated by three nitrogens. Circular dichroism (CD) results confirmed that Zn 2+ and Cu 2+ can disrupt the secondary structure of pseudofactin II at high concentrations, while Ca 2+ and Mg 2+ did not essentially affect the structure of the lipopeptide. Interestingly, our results showed that the addition of Zn 2+ and Cu 2+ helped smaller micelles to form larger micellar aggregates. Since pseudofactin II binds metals, we tested whether this phenomena was somehow related to its antimicrobial activity against Staphylococcus epidermidis and Proteus mirabilis. We found that the antimicrobial effect of pseudofactin II was increased by supplementation of culture media with all tested divalent metal ions. Finally, by using Gram-positive and Gram-negative bacteria we showed that the higher antimicrobial activity of metal complexes of pseudofactin II is attributed to the disruption of the cytoplasmic membrane.
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The interaction of natural lipopeptide pseudofactin II with a series of doubly charged metal cations was examined by matrix-assisted laser-desorption ionization-time of flight (MALDI-TOF) mass spectrometry and molecular modelling. The molecular modelling for metal-pseudofactin II provides information on the metal-peptide binding sites. Overall, Mg 2+ , Ca 2+ and Zn 2+ favor the association with oxygen atoms spanning the peptide backbone, whereas Cu 2+ is coordinated by three nitrogens. Circular dichroism (CD) results confirmed that Zn 2+ and Cu 2+ can disrupt the secondary structure of pseudofactin II at high concentrations, while Ca 2+ and Mg 2+ did not essentially affect the structure of the lipopeptide. Interestingly, our results showed that the addition of Zn 2+ and Cu 2+ helped smaller micelles to form larger micellar aggregates. Since pseudofactin II binds metals, we tested whether this phenomena was somehow related to its antimicrobial activity against Staphylococcus epidermidis and Proteus mirabilis. We found that the antimicrobial effect of pseudofactin II was increased by supplementation of culture media with all tested divalent metal ions. Finally, by using Gram-positive and Gram-negative bacteria we showed that the higher antimicrobial activity of metal complexes of pseudofactin II is attributed to the disruption of the cytoplasmic membrane.
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Introduction
Lipopeptides constitute a structurally diverse group of metabolites produced by various bacterial and fungal genera via non-ribosomal pathways [1, 2] . Structurally they are amphiphilic molecules that comprise both hydrophobic and hydrophilic moieties, being the apolar component usually an alkyl chain, whereas the polar part, more variable, can be ionic (anionic or cationic) or non-ionic. In the past decades, research on lipopeptides has been focused on their antimicrobial, antitumor and surfactant activities.
Pseudofactin II is a cyclic lipooctapeptide (Gly-Ser-Thr-Leu-LeuSer-Leu-Leu) with a palmitic acid connected to the terminal amino group of the eighth amino acid in the peptide moiety. The Cterminal carboxylic group of the last amino acid forms a lactone with the hydroxyl of Thr3 [3] . One of the most advantageous property that has been reported for pseudofactin II is its ability to inhibit the bacterial adhesion (the first stage of biofilm formation) of Escherichia coli, Enterococcus faecalis, Enterococcus hirae, Staphylococcus epidermidis, Proteus mirabilis, as well as the adhesion of occurring cyclic peptides and lipopeptides such as colistin [14] [15] [16] , polymyxin B [17] and daptomycin [18, 19] are known to bind ions and mediate their transport across natural and prepared biological membranes.
The conformational changes that facilitate ion binding and transport can be studied in considerable detail using molecular dynamics calculations [20] , circular dichroism (CD) [21] and Xray crystallographic techniques [22] , and such studies provide important insights on the mechanisms underlying ion binding and transport through membranes at the molecular level. Additionally, mass spectrometry (MS) techniques can also unravel metal binding interactions.
As far as we know, this is the first report on the molecular interaction between divalent metal ions and pseudofactin II, as evaluated by MALDI-TOF MS. The effect of metal ions on the secondary structure of the amphipathic lipopeptide was examined by CD spectroscopy. Moreover, experimental data were supported with the results of semi-empirical calculations to determine the possible structures of formed Me 2+ -pseudofactin systems.
In this work, the interaction between the pseudofactin II and metal ions was studied by surface tension and dynamic light scattering (DLS) measurements. Such a study provided some ideas for the further lipopeptide purification and its potential use in medical applications. In addition, to understand the role of divalent cations in the pseudofactin II activity, as well as to determine how it interacts with bacterial cells membranes, structural studies were essential. The hypothesis of this study was that the metal-peptide complexes formed between the Mg 2+ , Ca 2+ , Zn 2+ or Cu 2+ and pseudofactin II bind to cell surfaces and subsequently disrupt the integrity of the cytoplasmic membrane, thus leading to cell death. To prove this hypothesis, we tested the pseudofactin II complexes against multidrug-resistant microorganisms.
Material and methods

Isolation and purification of pseudofactin II
The Pseudomonas fluorescens BD5 [3] was a kind gift of Dr. Marcin Łukaszewicz from the culture collection of Laboratory of Biotransformation, University of Wroclaw. Strain BD5 was grown on mineral salts medium (MSM; 7 g L −1 K 2 HPO 4 , 2 g L −1 KH 2 PO 4 , 1 g L −1 (NH 4 ) 2 SO 4 , 0.5 g L −1 sodium citrate 2H 2 O, and 0.1 g L −1 MgSO 4 ·7H 2 O) supplemented with 2% (w/v) d-glucose at 28 • C for 120 h. Subsequently, the cells were removed by centrifugation (4700g, 10 min) and 500 mL of the cell-free supernatant were used to extract the lipopeptide pseudofactin II with two volumes of ethyl acetate.
The extract was evaporated under vacuum and the crude lipopeptide was subjected to reversed-phase high-performance liquid chromatography (RP-HPLC) as reported earlier [3] . The purified pseudofactin II fraction was dried and stored at −20 • C for further studies. Mass spectrometry (data not shown) of the purified pseudofactin II revealed over 99% purity.
Mass spectrometry
MALDI-TOF mass spectrometry experiments were performed in positive ion mode on an MDS SCIEX 4800 MALDI-TOF/TOF instrument (Applied Biosystem, Foster, CA, USA). Lyophilized HPLC purified pseudofactin II was dissolved in aqueous solution, and the pH was buffered with ammonium acetate (pH = 7.4). The purified lipopeptide (1 mM) was incubated with CaCl 2 , MgSO 4 , CuSO 4 and ZnSO 4 . In this competition assay, all the four divalent metal ions (molar ratio peptide:metal = 1:1 and 1:2) were used. The samples were mixed with an equal volume of matrix solution, i.e. 0.1% a-cyano-4-hydroxycinnamic acid in acetonitrile-water-TFA (50:50:0.01, v/v/v), and left to dry at room temperature. Masses in the range 600-4000 Da were measured.
UV-vis absorption spectroscopy
Absorption spectra of Cu 2+ -complexes were recorded on a Varian Carry 50 Bio spectrophotometer (Varian, USA) between 200 and 800 nm using quartz cuvettes (1 cm light path).
Circular dichroism spectroscopy
CD spectra were recorded on a Jasco model J-1500 spectropolarimeter (JASCO, Tokyo, Japan) at 25 • C under a constant flow of nitrogen gas. Typically, a cell with a 0.5 cm path length was used for spectra recorded between 190 and 500 nm with sampling points every 2 nm. The spectra represent the average of 6-9 scans. CD intensities are expressed in ε (dm 3 M −1 cm −1 ). The analysis of secondary structural contents was performed using K2D3 web server. K2D3 web server is an online tool used to assess the secondary structural elements in the form of ␣-helix and ␤-strand from the far-UV CD spectra ranging from 190 to 240 nm [23] .
Molecular modelling
To propose the possible structure of the complexes studied we examined ten different conformers of the pseudofactin complexes with the divalent cations Cu 2+ , Zn 2+ , Mg 2+ and Ca 2+ . Geometries of all complexes have been fully optimized using the NDDO-type semi-empirical method referred to as PM6 which offers a reasonable compromise between accuracy and computational effort [24] . As shown by Stewart, in the case of many properties (including equilibrium geometries, electric-dipol properties and heats of formation) the PM6 method improves substantially upon PM3 method. This method is also very useful to determine structures of bioinorganic complexes with transition metals and modelling of proteins and metaloproteins [24] . Geometry optimizations have been followed by the evaluation of the hessian matrix to confirm that the obtained structures correspond to minima on the potential energy surface. To account for solvent effects (water solution) we applied the polarizable continuum model (PCM) [25] [26] [27] . The lowest energy conformers obtained using the PM6 method are described in the present study. All calculations have been performed within unrestricted formalism using Gaussian 09 suite of programs [28] .
Micelles size measurement by dynamic light scattering
The mean particle size and polydispersity index (PDI) of micelles formed under different concentrations of metal ions with the lipopeptide diluted in Milli-Q water were obtained by DLS using a Malvern Zetasizer Nano-ZS (Malvern Instruments Ltd., Worcestershire, UK) at 25 • C. The pH of the solutions was ∼6.8-7.0. The refractive index of the sample was found to be 1.330. The scattering angle was 173 • . The polydispersity index qualifies the particle size distribution, which here ranged from 0 for monodispersed to 1.0 for entirely heterodispersed emulsions. Each sample was analyzed nine times and information about size distribution by intensity, number and volume was recorded.
Surface tension measurement
Lipopeptide and metal ions were dissolved in demineralized water and mixed to obtain several mixtures containing a constant lipopeptide concentration (equal to its critical micelle concentration (CMC), 0.07 mM) but different metal ions concentrations. The concentration of Mg 2+ , Ca 2+ , Zn 2+ and Cu 2+ ions (added as MgSO 4 , CaCl 2 , ZnSO 4 and CuSO 4 , respectively) in the final lipopeptide solutions was in the range of 0.2-2 mM. The surface tension of the lipopeptide solutions (pH ∼6. .0) at the CMC (␥ cmc ) was measured using a Krüss K20 Tensiometer (Krüss GmbH, Hamburg, Germany) at 25 • C, according to the du Noüy's ring method [29] . Each sample was measured in triplicates and averaged.
Antimicrobial assays
Antimicrobial activity was monitored by liquid growth inhibition as described previously [4] . The effect of metal ions on pseudofactin II activity was evaluated by liquid assay using Proteus mirabilis ATCC 22100 and Staphylococcus epidermidis KCTC 1917 incubated with pseudofactin II supplemented with divalent metal ions, namely Ca 2+ (2.5 mM), Mg 2+ (1 mM), Cu 2+ (0.025 mM) and Zn 2+ (0.02 mM). Luria-Bertani Broth (LB; 10 g L −1 bacto-tryptone, 5 g L −1 bacto-yeast extract, 10 g L −1 NaCl) was used for the antibacterial assay. Briefly, 50 L volumes of sterile double strength LB medium were dispensed into the wells of a 96-well microplate. Subsequently, 50 L of pseudofactin II (0.036-0.48 mM) solution in phosphate-buffered saline (PBS) were added to the microplate wells and mixed with the medium. Bacteria incubated without pseudofactin II or incubated with metal ions addition were used as controls. All wells (except for negative controls) were inoculated with 2 L of overnight bacterial cultures (diluted to OD 600 = 0.1) in LB medium, and the microplates were incubated for 24 h at 37 • C. After 24 h of incubation, the optical density at 600 nm of each well was measured using a Multiskan GO (Thermo Scientific) microplate spectrophotometer.
2.9. Membrane permeabilization assay P. mirabilis and S. epidermidis harvested in the log phase were incubated in LB medium with pseudofactin II (0.24 mM) supplemented with the metal ions under study at normal physiological concentrations in eukaryotic cells: Ca 2+ 2.5 mM; Mg 2+ 1 mM; Cu 2+ 0.025 mM; and Zn 2+ 0.02 mM. Bacteria incubated without pseudofactin II or incubated with the divalent metal ions were used as controls. After 24 h at 37 • C, bacteria were washed with sterile PBS (pH = 7.4). Then, the bacteria were stained for 30 min at 37 • C with 1 mL of 0.6% reagents from the Live/Dead BacLight bacterial viability stain (L-7007, Invitrogen) prepared in PBS. Cells were visualized using an inverted Olympus IX53 fluorescence microscope (Japan). Experiments were repeated three times.
Results and discussion
MS and UV-vis assignments
An increasing number of reports have shown that peptides are able to create complexes with metal ions as calcium, copper, nickel, zinc and iron [30] [31] [32] . Taking into account the presence of amide bonds in the pseudofactin II structure, we evaluated its ability to bind metals forming metal-peptide complexes. For this purpose, pseudofactin II was incubated with Mg 2+ , Ca 2+ , Zn 2+ or Cu 2+ followed by analysis of the mixtures by MALDI-TOF mass spectrometry (Fig. 1) . The difference in molecular mass between pseudofactin II alone (1039.63 Da) and pseudofactin II in the presence of Cu 2+ (1099.61 Da) suggest that divalent copper ions bind to the peptide at a molar ratio of 1:1 (Fig. 1D) . Addition of an excess of this ion (molar ratio n L :n Cu = 1:2) did not promote the formation of di-nuclear complexes of pseudofactin II. The mass spectra showed that the additional equivalent of Cu 2+ did not induce any discernible changes in the mass of the mononuclear complexes formed. A similar relationship between the molecular mass of the pseudofactin II and Mg 2+ , Ca 2+ , Zn 2+ association was observed in Fig. 1A -C. The absence of di-nuclear complexes further suggests the association of metal ions in the interior of the lipopeptide ring. Likewise, Rautenbach and collaborators [33] reported the interaction of iturin A 2 antimicrobial lipopeptide analogues with alkali metal ions as evaluated by electrospray ionization mass spectroscopy (ESI-MS). The authors showed that iturin A 2 and its shorter linear analogues linked with either one or two alkali metal cations, while the cyclic peptides linked with only one cation. Iturin A 2 exhibits affinity for the alkali metal cations Na + and K + . However, this lipopeptide was found to precipitate in the presence of divalent cations as Mg 2+ and Ca 2+ [34] .
At pH 6.5 the d-d transition on the UV-vis spectrum of Cu 2+ -peptide complex was observed. Experimental max = 560 nm was very similar to the theoretical max = 561 nm calculated for {3N − , H 2 O} coordination mode in square planar complex [35] which is in agreement with the theoretical modelling study. With increasing pH no changes in spectroscopic parameters were observed (Table S1 ). Therefore, it can be concluded that the {3N − , H 2 O} complex exists in the system for the whole basic range of pH.
CD spectroscopy
As shown in Fig. 2 , the addition of Cu 2+ induces a slight change in the CD curve until reaching a metal-ligand ratio of 1:1. Further additions of metal did not change the CD curve, which indicates that the reaction between Cu 2+ and pseudofactin II is complete at one molar equivalent of Cu 2+ .
CD measurement was performed to monitor the secondary structure changes of pseudofactin II induced by the presence of divalent metal ions. The spectra were scanned over the wavelength range of 190-260 nm to probe transitions in the backbone amide. Fig. S1 presents the CD spectra of the lipopeptide with the divalent cations under study. These results indicate that the addition of Mg 2+ and Ca 2+ does not influence the structure of pseudofactin II. With the increase of Zn 2+ and Cu 2+ concentrations, the shape of the spectrum is changed, which could be interpreted as the occurrence of significant conformational modifications. Fitting the spectrum of free pseudofactin II at 25 • C yielded a 36.75% ␤-strand and only 0.43% ␣-helical structure. The addition of 4 mM of Cu 2+ and 8 mM of Zn 2+ to pseudofactin II caused a secondary structural change of the lipopeptide to 24.76% ␤-strand/1.5% ␣-helical and 22.01% ␤-strand/1.4% ␣-helical, respectively. These spectral changes suggest the occurrence of bulk conformational modifications due to metal ions-binding to the peptide backbone. Understanding the pseudofactin II conformational changes is of utmost relevance to develop improved analogues through the process of rational drug design.
Molecular modelling simulation
To analyze structural aspects of the binding properties of pseudofactin II to the metal ions under study, we performed semiempirical calculations. The possible conformations of the divalent metal ions-pseudofactin complexes were optimized at PM6 level of theory leading to several unique conformations. Herein we report only the most stable conformers. The theoretically optimal structure determined for the free pseudofactin II is presented in Fig. 3 . As can be observed, the cycle of the lipopeptide evaluated might be partially stabilized by two hydrogen bonds, in which the O· · ·H N-distances are equal 2.17 and 1.84 Å, respectively. Based on previous works concerning the effect of divalent cations on the structure of cyclic peptides and lipopeptides, we selected the most likely metal binding sites in the structure of the systems mentioned below. Fig. 3 contain the lowest-energy structures of metal ion-lipopeptide complexes established on the basis of semi-empirical calculations. It is worth of note that for all the considered complexes we are able to provide stable metal bonded conformers of the lipopeptide. In the case of Cu 2+ -pseudofactin complexes, we proposed two possible conformations. Our findings suggest that the structural parameters are highly dependent on the metal binding site. In both conformations presented below, copper is coordinated by three nitrogens, which is in good agreement with previous findings [16] . According to that study, amino and two amide groups of colistin were suggested to be involved in the copper ion binding [16] . The authors confirmed this hypothesis by spectroscopic measurements. Likewise, molecular modelling data also support our spectroscopic results for Cu 2+ complexes with pseudofactin II. As shown in Fig. 3 , both conformational structures exhibit the copper ions coordinated by three nitrogens in almost planar configurations and the difference between the total energies is about 1 kcal mol −1 . It is also worth to mention that after ion metal binding mutual spatial arrangement of the hydrophobic and hydrophilic domains change. Similar results were obtained for the zinc-lipopeptide complexes. Zn 2+ may be coordinated by four carbonyl oxygens in an almost tetrahedral configuration (Fig. 3) .
Straus and collaborators suggested that calcium and magnesium cations can mask the negatively charged residues of lipopeptides, including the anionic daptomycin [36] . Based on previous works and molecular dynamic simulations, the authors concluded that Asp3, Asp7 and Asp9 residues are essential for the lipopeptide activity and also play an important role in Ca 2+ binding, in which the calcium oxygen-distances were set to 2.5 Å. Interestingly, the substitution of Mg 2+ ions does not influence any structural rearrangements in the lipopeptide molecule. According to our spectroscopic results, the addition of Mg 2+ and Ca 2+ does not influence the structure of pseudofactin II. The calculated structure in which the Mg 2+ ion is coordinated by four oxygen donor atoms is presented in Fig. 3 . In the case of Ca 2+ -pseudofactin II complexes, we were not able to obtain tetra-and tri-coordinated systems. The structure presented in Fig. 3 is characterized by two coordinated binding sites. Moreover, the structural differences upon metal binding in the case of these two metal complexes are smaller than for Zn 2+ and Cu 2+ structures obtained by molecular modelling simulations. 
Dynamic light scattering
Our main interest in this evaluation was to understand the effect of divalent metal ions on the aggregation characteristics of pseudofactin II. Accordingly, DLS studies were performed for the lipopeptide solution at different divalent metal ions concentrations ( Table 1 ). The concentration of pseudofactin II used in these studies (0.3 mM) was selected taking into account the best PDI value (which indicates the width of the particle size distribution) obtained for different pseudofactin II concentrations (data not shown). The mean hydrodynamic diameter of pseudofactin II micelles (0.3 mM) in water was 77.01 nm, while PDI value was 0.195. As shown in Table 1 , the micelle sizes remain almost constant with the variation of Mg 2+ and Ca 2+ concentrations. However, an increase of Zn 2+ and Cu 2+ concentrations from 0.15 to 8 mM led to an increase of the micelles sizes from 83.11 nm to 263.6 nm and from 118.0 nm to 681.7 nm, respectively. The bimodal size distribution at high Zn 2+ and Cu 2+ concentrations might have been caused by the transformation in structure of the micelles from spherical to cylindrical shape or to liposomes. This observation suggested that the addition of divalent transition metal ions helped smaller micelles to form larger micellar aggregates. Probably, the interaction between Zn 2+ and Cu 2+ lead to a greater screening of charge on polar head groups and less electrostatic repulsion between polar head groups of lipopeptides in the micelle.
Surface tension
In order to evaluate the effect of different concentrations of the divalent metal ions Ca 2+ , Mg 2+ , Zn 2+ and Cu 2+ on the surface activity of the lipopeptide pseudofactin II, preliminary studies were performed using a du Noüy's ring tensiometer. In our experiment, different amount of metal ions were added to the lipopeptide solution containing 0.07 mM of pseudofactin II (the CMC of this biosurfactant). Fig. 4 shows the relation between the surface tension (␥ cmc ) values of pseudofactin II and the respective metal complexes at 25 • C.
The surface tension values at the CMC (␥ cmc ) of pseudofactin II complexes were found to be lower than the obtained for the free lipopeptide. Increasing the concentration of Cu 2+ led to a significant reduction in the ␥ cmc of pseudofactin II; similar reductions in the ␥ cmc with increasing concentrations of Zn 2+ , Ca 2+ and Mg 2+ were also observed (Fig. 4) . These results suggest that divalent cations can greatly enhance the close packing of the pseudofactin II molecules at the air-water interface, and are similar to those reported for the surface tension changes of surfactin and iturin with Ca 2+ ions [37] . Furthermore, Arutchelvi and co-workers observed that the CMC of surfactin was reduced by the addition of Ni 2+ , Zn 2+ , Cd 2+ or Ca 2+ due to the overcome of the electrostatic repulsive force between the ionic surfactin micelles [38] .
The stability of micelles is governed by a balance of electrostatic and hydrophobic interactions. The hydrophobic effect is responsible for the removal of fatty acid chain from the aqueous environment and favors the micellization [38] . This fact could be explained from the unique properties of the metal complexes in water, i.e. the complexes retain its unity in their solutions, which increased their volume in the aqueous media leading to repulsion between the hydrophobic chains and the water molecules. In summary, these studies revealed that all the tested metal ions led to reductions of the surface tension at the CMC (␥ cmc ) values of pseudofactin II, being the highest reductions obtained with Cu 2+ and Zn 2+ (from 31.5 mN m −1 up to around 28 mN m −1 ).
Effect of divalent metal ions on the antimicrobial pseudofactin II activity
Pseudofactin II antimicrobial activity was tested in the pres- metal ions herein studied, when added in normal human physiological concentrations to the culture media, increase the activity of pseudofactin II against microorganisms with multidrug-resistant profiles, especially S. epidermidis (Fig. 5A ) and P. mirabilis (Fig. 5B) . The interaction of the lipopeptide with the lipid bilayer of bacterial membranes may be facilitated by metal ions, both by neutraliz- ing the anionic charges and by favoring its association with the membrane head groups [39] . The results suggest the possible use of this cyclic lipopeptide as a potential antimicrobial agent in medical applications against microorganisms responsible for diseases and infections, thus making it a suitable alternative to conventional antibiotics.
Pseudofactin II increases cell membrane permeability
Because several lipopeptide biosurfactants exert their effect by membrane permeabilization [40] [41] [42] , we investigated whether the membrane might be the target of pseudofactin II. The permeability of the cytoplasmic membrane was visualized after cells staining with two fluorescent nucleic acid stains, SYTO-9 and propidium iodide (PI). Viable cells with intact cytoplasmic membrane appear green when the membrane-permeable stain SYTO-9 enters the cells. Bacterial cells with compromised membranes are stained red by propidium iodide, a membrane-impairment stain. The untreated S. epidermidis and P. mirabilis cells were stained green, whereas the few bacterial cells treated by pseudofactin II at 0.24 mM for 24 h became red, as shown in Fig. 6 . However, bacteria treated with pseudofactin II supplemented with divalent metal cations were damaged. These results clearly show increasing permeability of the cytoplasmic membrane after Gram-positive and Gram-negative cells were treated with the ion metal-lipopeptide complexes (Fig. 6) .
In our opinion, the significant higher antimicrobial activity of the pseudofactin II metal complexes is attributed to disruption of the cytoplasmic membrane of both Gram-negative and Gram-positive bacteria. Probably, the binding of divalent ions causes deeper penetration into the membrane and aggregation of pseudofactin II creating channels that allow the ions to flow into and out of the cells. This leads to membrane depolarization, which results in disruption of cellular activity and rapid cell death. Despite the evidence of cell membrane damage, this study does not exclude additional bactericidal mechanisms potentially exerted by pseudofactin II.
Conclusions
To the best of our knowledge, this is the first report on pseudofactin II as the ligand design for selective complexation of metal ions. In this work, we have investigated the interaction between series of doubly charged metal cations and pseudofactin II by means of mass spectroscopy, UV-vis and CD spectra, molecular modelling, DLS and surface tension. For all the tested divalent metal ions, only mononuclear complexes were obtained even when the metal ions were used at a molar ratio of 1:2. The CD data showed the partial loss of the secondary structure of pseudofactin II upon Zn 2+ and Cu 2+ addition. In addition, molecular modelling analysis confirmed that the structural parameters are highly dependent on the metal binding site. From the DLS results, it could be concluded that the addition of divalent transition metal ions helped smaller micelles to form larger micellar aggregates according to the following order Cu 2+ -pseudofactin > Zn 2+ -pseudofactin > Ca 2+ -pseudofactin > Mg 2+ -pseudofactin. Moreover, the pseudofactin II metal complexes exhibited lower surface tension values as compared to the pseudofactin II itself. Finally, the specific binding of pseudofactin II to copper and zinc ions greatly increased the antimicrobial activity against uropathogenic bacteria comparing to the lipopeptide alone.
In conclusion, the interaction between divalent metal cations and pseudofactin II herein studied clearly explains the pharmacological activity of the lipopeptide, especially its antibacterial properties. We believe that our results may also be relevant to understand the metal-bound active biological form of pseudofactin II.
Declaration of interest
The authors report no conflicts of interest. The authors are responsible for the content and writing of the manuscript.
